5- 
4 



(19) 



J 



EuropMisches Patentamt 
European Patent Office 
Office euiopeen des brevets 



(12) 



(11) EP 1 306 128 A1 

EUROPEAN PATENT APPLICATION 



(43) Date of publication: 

02.05.2003 Bulletin 2003/18 

(21) Application number: 01204122.4 

(22) Date of filing: 29.10.2001 



(51) Intci7: B01J 20/32, B01J 13/02. 

B01D 15/00, C12P 1/00 



(84) Designated Contracting States: 


• Pellaux, Rene 


AT BE CH CY DE DK ES Fl FR GB GR IE IT LI LU 


8004 Zurich (CH) 


MC NL PT SE TR 


* Heile, Jens-Martin 


Designated Extension States: 


71640 Ludwigsburg (DE) 


AL LT LV MK RO SI 


• Schenzle, Andreas Josef 




88690 Uhldingen-Muhlhofen (DE) 


(71) Applicant: Tenaxis Gmbh 




8093 Zurich (CH) 


(74) Representative: Prins, Adrianus Willem et al 




Vereenigde, 


(72) Inventors: 


Nieuwe Parklaan 97 


• Held, Martin 


2587 BN Den Haag (NL) 


71332 Waiblingen (DE) 





(54) Sorptive composite materials 

(57) The invention relates to sorptive composite ma- 
terials comprising a sorbent entrapped In a cross-tlnked 
acrylic polymer These composites can be tailored for 
extraction and feeding of compounds from/to liquid 
phases or multiphase systems such as cell suspen- 
sions. Key features of the sorptive composite materials 
are stability (chemical, mechanical, biological and ther- 



mal), selectivity (physical and chemical), blocompatlbil- 
ity, and a characteristic upon which the sorptive com- 
posite materials can be separated from liquid or multi- 
phase systems. The Invention also relates to techniques 
for the preparation of such sorptive composite materials 
as welt as applications thereof. 
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Description 
Field of Invention 

5 [0001] The present invention relates to methods for synthesis of sorptive composite materials that are suited for 
extraction, supply or separation of compounds. Specifically, the invention relates to the extraction of compounds from 
multiphase systems, wherein said composites are preferably biocompatible and comprise a cross-iinked acrylic polymer 
entrapped sorbent. The invention relates further to the application of said sorptive composite materials for extraction 
of molecules from liquid or multi-phase systems, in particular cell suspensions. 

10 

Background of the invention 

[0002] Entrapment is a process wherein materials or compounds e.g. drugS: enzymes, organisms, or particles are 
enveloped in polymeric matrices that preferably consist of hydrogels. 
15 [0003] Entrapment enables immobilization of both biological materials such as cells or enzymes as well as chemical 
agents and substances. The resulting entrapped materials are particularly useful tor biotechnological or medical ap- 
plications. Most abundant polymers for synthesis of entrapped materials are biological polymers such as carrageenan 
or alginate, though synthetic monomers such as acrylamide are also occasionally used. 

[0004] Most publications on entrapment deal with immobili/:alion of enzymes, microorganisms, plant or animal cells, 
20 or water-soluble compounds such as catalysts or pharmaceuticals. Up to now only a few examples for entrapment of 
particles into polymers have been reported. Today, particles are added to polymer solutions prior to solidification to 
facilitate production or processing of solutions or capsules or to increase stability of the capsules, rather than to syn- 
thesize new materials for novel applications. 

[0005] In WO 00/36066 Nouscr and coworkers (Neuscr, Hsu ct a/. 2000), for instance, described the entrapment of 
25 finely distributed particles, especially silicates and carbonates, into carrageenan-hydrogels. The authors claim that 
adding particles to the carrageenan solutions facilitates processing and handling as solidification of the composites at 
lower temperatures is avoided. 

[0006] Webbers and coworkers describe in US-Patent 5,916,789 (Webbers and Krijgsman 1999) the entrapment of 
en/ymes and claimed that the stability of alginate or chitosan-hydrogels is increased if 1 - 3% activated carbon is 
30 added. Earlier Wang and coworkers (Wang and Nigam 1995) claimed in US 5,427,935 a method of more general 
character - whereby particles were referred to as anchor-materials. 

[0007] However, Wang and coworkers (NIgam, Sakoda et at. 1988) described the entrapment of XAD-4 sorbent 
particles in agarose and alginate hydrogels and the application of these immobilized sorbents for protein recovery from 
unclarified broths and homogenates. The hydrogel acts as a protective non-fouling barrier that allows diffusion of the 
35 desired products, but It excludes colloidal solids such as whole cells, cell debris, and macromolecular precipitates. 
[0008] Three principal methods or a combination thereof can be employed for synthesis of hydrogels for immobili- 
zation purposes. 

[0009] First, ionotropic solidification, which refers to cross-iinking of a water-soluble polyionic polymer (e.g. alginate, 
carrageenan, chitosan, etc.) with counter-ions (e.g. K+, Mg2+, Ca2+, etc.) or charged polymers (e.g. poly(ethyle- 
neimine), poly lysine, polyphosphate, etc.). Second, thennal solidification, which refers to formation of hydrogels upon 
a temperature shift, usually cooling (e.g. agarose). Third, polymerization of functionalized monomers to give covalently 
cross-linked polymeric hydrogels (e.g. polyacrylamide). 

[0010] The method of choice for synthesis of capsules or beads is ionotropic solidification In combination with a 
dripping technique for formation of droplets. A simple method is to use a syringe to drop the dissolved polymer into a 

^5 hardening solution. Bead size however is limited by the syringe or cannula bore size and by the viscosity of the hydrogel- 
precursor solution. As a consequence, beads with a diameter less than 3 mm, and especially beads of less than 1 mm 
are difficult to produce. Naturally, internal and external mass transfer-rales through the hydrogel core are increased 
with decreasing diameter of the beads. Hence, small beads are found to be practicable for numerous applications. 
[0011] Therefore, numerous other dripping techniques and devices, - some of which also allow scalable synthesis - 

50 have been developed. 

[0012] In WO 96/28247 (Heinzen, Kuhn et at. 1996) and WO 99/44735 (Pluss-Wenziger, Widmer etai 1999), for 
instance, devices for storilo entrapment that split up a laminar fluid jet by supcrimposition of an external vibration to 
give small droplets of uniform size are described. In EP 01 67690 (Hommel, Sun et al. 1 991 ) a technique for generation 
of droplets by aid of electromagnetic fields is claimed. DE 4424998 (Vorlop and Breford 1996) describes a method for 
55 droplet-fomiation that is based on physically 'cutting' liquid streams by aid of rotating wire-blades. 

[0013] Syntheses of sorptive composite materials such as described in this patent are relatively independent of the 
method that is used for droplet-formation. In principle composite-synthesis can be done with all techniques, protocols 
or devices mentioned above as long as the particles that are subject to entrapment can pass through the nozzles. 
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[001 4] Another important factor for hydroge(-bead synthesis is the rate at which droplets solidify after the precursors 
had been dripped into a hardening solution. As a rule, solidification has to take place at a rate that guarantees main- 
tenance of a globular structure during and after gel formation. Hence, solidification has to take place very fast as 
otherwise the precursor solutions might be diluted or mixed with the hardening solution. In this context, lonotropic 

5 solidification has been found to be one of the most practical methods. 

[0015] Alternatively hydrogels and the matter subject to entrapment can be polymerized en bloc and then mechan- 
ically broken down to particle size. However, this methodology often has failed to yield satisfactory results, as controlling 
of the particle size as well as manufacturing is difficult. Another technique is dispersion-polymerization. Hydrogel- 
precursors and the matter to be entrapped are dispersed in a second, non-miscible (typically organic) phase. Once 

10 droplets of desired size are formed the solidification process is initiated by addition of a starter. This technique is 
described in US 4,647,536 (Mosbach and Nilsson 1 987) for e.g. entrapment of enzymes in agar, carrageenan, chitosan, 
polyacrylamide, gelatin, fibrinogen, agarose, or collagen hydrogel-particles. However, this method is limited by the 
physicochemical properties of both hydrogel-precursors and entrapped matter. Large differences in density or solubility 
in the second phase, for instance, may lead to a non-homogeneous dispersion and subsequently to a low quality of 

IS the hydrogel-beads. 

[0016] As noted above blopolymers are frequently used as hydrogel-precursors. However, the applicability of these 
materials (alginate, carrageenan, etc.) under process conditions often suffers from the low chemical, mechanical, and 
themnal stability of such ionotroptcally fomried hydrogels. One of the major obstacles for applicability is decay of the 
hydrogel-beads upon loss of counter-Ions. Unfortunately, 'bleeding' of counler-ions occurs if hydrogels are used in 
20 aqueous solutions of other ionic strength than the hardening solution. Furthermore, culture media are usually rich in 
chelators such as phosphates, which effectively 'extract' two or more-fold charged metal ions such as used for cross- 
linking. In addition, media are often incubated in agitated compartments such as shaking-flasks or bioreactors. Under 
these conditions attrition and hydrogel-decay is accelerated. 

[0017] Many biological hydrogel-precursors arc de-polymorizcd upon hcat-stcrilization but the precursor solutions 
25 are prone to rotting or fouling. Special measures are thus required to handle biological hydrogel-precursors - especially 
on a larger scale. 

[0018] For these reasons numerous materials essentially fail to serve the purpose they have been designed for, 
namely the application in biotechnology. 

[0019] However, ionotropically solidified capsules can be stabilized upon the addition of another polymer that serves 
30 as a poly-counter-ion for the hydrogel-precursor. Lim and Sun (Lim and Sun 1 980) published a method for entrapment 
of Langerhans* cells into alginate-hydrogels. The beads were post-synthetically treated with polylysine. which increased 
their stability. This method is still widely used, at least as far as entrapment of living cells is concerned. Analogously 
carrageenan hydrogels can be treated with cross-linking agents such as poly(ethyleneimine) (Chao, Haugen et at. 
1986). 

35 [0020] Other measures for increasing stability are based on the introduction of covalent cross-linking rather than on 
another lonotropic criterion. A recent example is the work of Soon-Shiong and coworkers published in US patents 
5,700,848 (Soon-Shiong, Desai etai 1997), 5,837,747 (Soon-Shiong, Desai etal 1998) and 5,846,530 (Soon-Shiong, 
Desal et af. 1 998). They described the synthesis of alginate-acrylesters that were later used as hydrogel-precursors. 
In a first step hydrogel-beads were formed upon ionotropic solidification of the functionalized alginate. In a second 

40 step, beads were covalently cross-linked by light-induced free radical polymerization of the acrylic functionality. This 
method yielded beads of superior stability but chemical synthesis of alginate-acrylester-precursors is laborious. 
[0021] In contrast, the direct use of acrylic polymers, e.g. polyacrylamide, for entrapment is a comparatively simple 
and inexpensive method. 

[0022] Watanabe and coworkers claim in US 4,421 ,855 (Watanabe, Sakashita et ai 1 983) a method for entrapment 
45 of cells In polyacrylamide en bloc. Later Mosbach and coworkers claimed In US 4,647,636 (Mosbach and Nilsson 1 987) 
a method for entrapment of biological materials into polyacrylamide by dispersion-polymerization. For reasons that 
have been discussed before bolh methods are of limited applicability for synthesis of sorplive composite materials 
such as introduced in accordance to the present invention. 

[0023] Desirably, a process for the preparation of composite beads should comprise the following features. First, it 
so should be possible to prepare beads by a dropping method and solidification should therefore be very fast. Second, 
beads should be chemically, mechanically, and thermally stable. Third, all reagents should be relatively inexpensive 
and the reaction has to be easily controllable, maintainable and scalable. 

[0024] Methods for in situ product recovery (ISPR) - also often referred to as 'extractive biotransformations' - are of 
considerable interest for life science and biotechnological industries. Solid phases often have been found to be par- 
55 ticularly useful for ISPR, downstream processing, and product polishing as they usually have a much higher selectivity 
than liquid extractants. The selectivity of solid phase sorbents can be attributed to numerous modes of molecular 
recognition or a combination thereof. 

[0025] Other desirable features are good separability from turbid reaction liquids such as cell suspensions and re- 
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generability as well as high stability and capacity. However, sorbents for ISPR in biotechnological processes should 
also be 'biocompatible', meaning they should essentially not cause any detrinnental effects on the catalytically active 
elements, for instance, cells, microorganisms or enzymes. So far no satisfactory materials have been specifically de- 
signed for these purposes. 

5 [0026] Nevertheless, some commercially available solid phase sorbents could in principle be suited for ISPR under 
certain conditions or in specific processes. Bulk sorbents such as hydrophobic polystyrene-based resins for instance 
have been frequently used for extraction of e.g. antibiotics or fine-chemicals from bacterial cultures (Held 2000). 
[0027] Unfortunately, ion-exchangers or chromatography materials (aluminum oxide, titanium oxide, silica gel, etc.) 
are often not suited for ISPR as these sorbents may lack biocompatibility. Furthermore most of these materials are 

10 finely dispersed and are therefore not separable from biocatalytically active elements. For these reasons, regeneration 
and elution of these materials is complicated. 

[0028] Wang and coworkers (Nigam^ Sakoda et al. 1 988) showed that the sorptive properties of sorisent materials 
can be maintained If they are entrapped in hydrogels formed from calcium alginate. As the sorbent is entrapped in a 
gel-shell of comparatively big diameter, sorbents can be forthwith recovered from multi-phase systems by for instance 
15 sieving. Furthermore, hydrogels are very often biocompatible, meaning that they do not mediate negative effects on 
cell viability or catalytic activity. The hydrogel materials disclosed by Wang and coworkers, however, have the disad- 
vantage that their stability is insufficient for many practical purposes. 

[0029] An example describing the use of a hydrogel-based material for ISPR from bacterial cultures is published In 
WO 00/73485 (Stark, Marison ei ai. 2000). The authors described the entrapment of organic liquid phases in alginates 
20 and a method for application of these materials for ISPR. More often, hydrogels have been used for extraction of 
inorganics. Pohl and coworkers (Pohl 1997) described in US 5,648,313 the applteation of biopolymeric sorbents for 
removal of heavy-metal ions from aqueous solutions. Similariy, MIn and coworkers (Min and Hering 2001 ) employ Fe 
(lll)-doped calcium alginate for sorption of arsenate or selenate. 

25 Summary of the invention 

[0030] The present invention provides sorptive composite matefialsj:omprJsJn^^ in the fonm o^^^ 

solid particles entrapped in a cross -11 nked^cryiic poly^^®^ invention also provides a process for preparing these 
sorptive composite materials and their use in particular for ISPR in biotechnological multiphase systems. Claimed is 

30 also a method for the reversed effect of the application, namely for in situ supply of compounds. 

[0031] A sorptive composite material according to the Invention Is highly suitable for ISPR as the cross-linked acrylic 
polymer used for entrapment typically has substantially no - or a negligible - effect on viability, growth characteristics 
or biocatalytic activity of biological elements such as cells, microorganisms, or enzymes. The cross-linked acrylic pol- 
ymer envelops substantially most or all of the sorbenfs surface. Therefore direct contact between biological elements 

35 and sorbents is either avoided or significantly reduced. However, the physicochemical properties of a sorptive com- 
posite material according to the invention can be tailored such that compounds subject to extraction still penetrate the 
cross-linked acrylic polymer. Once into contact with the soriDent these compounds are bound and easily recovered by 
elution after removal of the sorbent from the multiphase system by for instance sieving. The cross-linked acrylic polymer 
therefore functions as a biocompatible filter or buffer that is readily penetrated by some but not all of the ingredients 

40 of multiphase systems. 

[0032] Thus, a sorptive composite material according to the invention has the distinct advantages of biocompatibility, 
separatabillty, selectivity (e.g. by adsorption), stability (e.g. essentially no disintegration under screening, culturing, or 
process conditions), and scalability. Furthermore, they can be prepared in a dripping method allowing their scalable 
synthesis at reasonable costs. 

45 

Detailed description of the invention 

[0033] The term sorbent as used herein refers to an inorganic or organic materia! that is capable to sorb a sorbate. 
Possible interactions that induce the sorbing include both adsorption and absorption. A sorbent to which a sorbate is 

so sorbed may be referred to as a sorbent-sorbate complex. 

[0034] Preferred sorbents include inorganic solids such as elementary metals, nonmetals and their compounds. A 
preferred motal is gold. Preferred compounds are oxides, hydroxides, carbonates, silicates, phosphates, sulfates, and 
halides. Preferred oxides are the oxides of aluminum, magnesium, silicon, titanium, zirconium. Further preferred are 
porous aluminum oxide and porous silica gel, e,g. as commercially available for chromatographical applications. Further 

55 preferred is modified silica, e.g. as commercially available for chromatography and solid phase extraction. Examples 
include octadecyl, octyl, cyclohexyl, phenyl, ethyl, cyanopropyt, aminopropyl and propanediol bonded porous silica. 
Further preferred silicates are fumed silica, diatomaceous earth, celite®. talcum, magnesium silicates as such but not 
limited to florisil®, zeolites as such but not limited to molecular sieves, clays as such but not limited to kaolin, mormo- 
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rlllonite, organically modified montmorillonites, bentonite, fullers earth. Further preferred are other inorganic solids with 
sorptive properties such as hydroxyapatite, graphite and activated carbon. 

[0035] Preferred sorbents further include organic solids in the form of naturally occurring or chemically produced 
polymers. Preferred naturally occurring organic polymers are poly(hydroxyalkanoates), polylactate, polybutyrate and 

5 polysaccharides. Further preferred polysaccharides are cellulose and cellulose derivatives as well as agarose and 
agarose derivatives. Preferred chemically produced polymers are cross-linked polystyrenic resins, chemically func- 
tlonalized cross-linked polystyrenic resins, cross-linked polyacrylic resins, and chemically functionalized cross-linked 
polyacrylic resins. Further preferred are chemically functionalized cross-linked polystyrenic and polyacrylic resins such 
as commercially available as weak or strong cation or anion exchangers. Further preferred chemically produced pol- 

10 ymers are chelating resins, mixed bed resins, affinity resins and molecular imprinted polymers. 

[0036] Cross-linked acrylic polymers in the context of the invention are copolymers synthesized from acrylic mono- 
mers and a cross-linking agent. 

[0037] Preferred monomers are water-soluble acrylic acids, acrylates and acrylamides. Further preferred acrylic 
acids are acrylic acid and methacrylic acid and salts of acrylic acid and methacrylic acid. Further preferred acrylamides 
'5 are acrylamide and N-(hydroxymethyl)acrylamide. 

[0038] Preferred cross-linking agents are bifunctlonal acrylic monomers, preferably N,N'-methyleneblsacrylamide 
and N,N'-ethylenebisacrylamide. 

[0039] A sorptive composite material according to the invention preferably has the fomri of a hydrogei. This means 
lhal the malerial has taken up sufficient water to form a material having the properties of a gel. Typically, a hydrogei 
^0 has the form of a water-swollen, rigid, three dimensional network of cross-linked, hydrophilic macromolecules. The 
water content in the gel may range between 20 and 95 wt.%. 

[0040] A sorptive composite material according to the invention may further comprise an aqueous solute, preferably 
water, to which solvents, salts, buffers, surfactants, acids, or bases or other additives might have been added. Other 
additives can for instance bo magnetic materials, density-influencing agents, ionotropic gelling agents, gelling-inducing 
25 agents, thickening agents and combinations thereof. Preferred are sorptive composite materials that contain water, 
whereby said water and the cross-linked acrylic polymer form a hydrogei. 

[0041] Further preferred are sorptive composite materials in the fomri of particles having a diameter in the range of 
0.2 - 4.0 mm or sorptive composite materials in the form of a coating having a thickness in the range of 0.1 - 50 mm. 
[0042] Further preferred are sorptive composite materials preferably comprising 2 - 30 wt% acrylic monomer, 0.01 

30 - 2 wt% cross-finking bifunctional acrylic monomer, 0.1 - 80 wt% sorbent and varying amounts of additives in aqueous 
solute, preferably water. Further preferred are sorptive composite materials preferably comprising 5-15 wt% acrylic 
monomer, 0.05 - 1 wt%cross-linkingbifunctional acrylic monomer, 5 - 30 wt% sorbent and varying amounts of additives 
in water The amount of additives incorporated is generally detennined by the desired properties of the composite 
materials and by the synthetic procedure employed for their production. 

35 [0043] An ionotropic gelling agent is a water-soluble ionic polymer, which may form a gel with the help of a gelling 
inducing agent. An ionotropic gelling agent such as preferably used in the context of the invention is selected from the 
group of ionic polysaccharides and other natural or synthetic ionic polymers. Preferred Ionic synthetic polymers are 
poly(djallyldlmethylammonium chloride), poly(ethyleneimine) and polylysine. Preferred polysaccharides are the water- 
soluble salts of alginate, pectate, chitosan, carrageenan as well as cellulose derivatives, especially cariDoxymethylcel- 
luiose and cellulose esters. A preferred alginate is aqueous sodium alginate, preferably in a concentration of 0.5 - 5 
wt%, more preferably 1 - 3 wt%, based on the weight of the sorptive composite material. Further preferred is sodium 
alginate with a viscosity of about 250 cps for a 2 wt% solution at 25°C. Such sodium alginate is commercially available, 
for instance from Sigma Chemical Company, St. Louis, Mo, USA. 

[0044] A gelling inducing agent is a mono- or polyvalent ion or ionic polymer, which induces gelation of an ionotropic 
^5 gelling agent. Preferred gelling inducing agents for inducing the gelation of sodium alginate are positively charged bi- 
and trivalent water-soluble metal salts and positively charged water-soluble polymers such as chitosan or polylysine. 
A preferred hardening solution for induction of the gelation of sodium alginate contains water-soluble sails of bivalent 
calcium as gelling inducing agent, preferably in a concentration range of 0.01 - 2 M, more preferably in a concentration 
range of 0.05 - 0,2 M. 

so [0045] According to the Invention, a thickening agent is a compound that increases the viscosity of a solution, pref- 
erably an aqueous solution, preferably mixtures of aqueous acrylic monomers and a cross-linking agent Preferred 
thickening agents arc poly(cthyloncglycol) and poly(vinylalcohol). Further preferred is a poly(cthyicneglycol) with an 
average molecular weight In the range of 5000 - 40000, used in a concentration in the range of 0.5 - 10 wt% in a 
reaction mixture comprising acrylic monomers and a cross-linking agent. 

55 [0046] According to the invention, a magnetic compound is preferably a finely powdered compound that is attracted 
by a permanent magnet or an electromagnet. Magnetic compounds are preferably chosen from the group of compounds 
comprising metals, metal alloys and metal oxides. Further preferred metal oxides are ferrites, further preferred ferrite 
is magnetite, further preferred is magnetite with a particle size smaller than 5 microns. 
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[0047] According to the invention, density-influencing agents are finely powdered water-insoluble compounds upon 
addition of which as an additive the density of sorptlve composite materials Is influenced. Density-influencing agents 
are preferably elementary metals, nonmetals and their compounds, more preferred metals are precious metals. 
[0048] A sorptive composite material according to the present invention is preferably prepared by free radical po- 

5 lymerization from a mixture containing acrylic monomer, cross-linking agent, and water. Additives such as magnetic 
compounds, density-influencing agents, thickeners, ionotropic gelling agents, ionotropic gelling inducers may be add- 
ed. Further a commonly used polymerization initiator and accelerator such as potassium persulfate and N,N,N\N'- 
tetramethylethylenediamine may be added. Different methods for initiating and accelerating the polymerization such 
as the application of radiation, preferably ultraviolet light or X-ray, or heat may be used. 

10 [0049] Preferably, the sorptive composite materials are synthesized as particles, preferably globular particles, pref- 
erably with a particle size of 0.2 to 4 mm. In order to synthesize globular particles of a sorptive composite material a 
mixture of acrylic monomer, cross-linking agent, sorbent, ionotropic gelling agent and water is prepared. Addition of 
polymerization accelerator may be desired to promote the reaction but is not a requirement. Preferably, the mixture is 
prepared by combining aqueous solutions of acrylic monomer, cross-linking agent and ionotropic gelling agent followed 

15 by addition of the polymerization accelerator. Preferably such a mixture comprises 2 - 30 wt% acrylic monomer, 0.01 

- 2 wt% cross-linking bifunctional acrylic monomer, 0.5 - 5 wt% ionotropic gelling agent, 0.1 - 40 wt% sorbent, and 0.05 

- 0.5 wt% polymerization accelerator in water. More preferred Is a mixture of 5 - 1 5 wt% acrylic monomer, 0.05 - 1 wt% 
cross-linking bifunctional acrylic monomer, 1-3 wt% ionotropic gelling agent, 5 - 30 wt% sortoent, 0.1 - 0.5 wt% polym- 
erization accelerator in water. 

20 [0050] By way of example, this mixture may be prepared by mixing 12 ml 4 wt% aqueous sodium alginate, 5 ml 
water, 8 ml 40 wt% aqueous acrylamide and 4 ml 2 wt% aqueous N,N'-methylenebisacrylamide, 8 g aluminum oxide 
and 1 ml 10 wt% aqueous N,N,N',N'-tetramethylethylenediamine to give a final composition of 8.40 wt% acrylic mon- 
omer 0.21 wt% cross-linking agent, 1 .26 wt% ionotropic gelling agent, 21 .00 wt% sorbent, 0.26 wt% polymerization 
accelerator and 68.87 wt% water 

25 [0051 ] Droplets of the mixture are dripped into a hardening solution, which comprises an aqueous phase, preferably 
water, and an ionotropic gelling inducer. Of the mixture droplets might be prepared by various techniques. If the required 
size of droplets is in the range of 2 mm to 4 mm they may be prepared by pumping the mixture through an orifice of 
appropriate size. If smaller droplets are required, standard techniques for droplet-formation such as laminar jet break- 
up technology and commercially available equipment may be used. The hardening solution preferably contains a po- 

30 lymerization inducer such as potassium persulfate. Preferably the concentration of potassium persulfate in the hard- 
ening solution is in the range of 0.02 - 5 wt%, more preferably in the range of 0.5 - 2 wt%. Heat is preferably applied 
to the hardening solution to accelerate the polymerization process although this is not an essential requirement. The 
temperature for heat treatment is in the range of 20°C to 95°C, preferably in the range of 50^*0 to 70°C . Upon submersion 
of the droplets in the hardening solution beads are formed due to fast reaction of the ionotropic gelling agent with the 

35 ionotropic gelation inducer The beads comprising acrylic monomer and cross-linking agent are then allowed to undergo 
free radical polymerization to form a cross-linked acrylic polymer During this process the hardening solution might be 
stirred for keeping the beads in motion and avoiding their agglomeration. When the polymerization is completed the 
beads are separated from the hardening solution by sieving, for instance, and washed with water 
[0052] An ionotropic gel which may be present in the sorptive composite material may be destabilized and subse- 

40 quently partially or totally removed by treatment with a chelating agent such as water-soluble salts of phosphate, citrate 
or ethylene diamine tetraacetate (EDTA). Preferably, removal of the calcium alginate gel is done by repeated treatment 
of the particles with an aqueous solution of sodium citrate or sodium phosphate, preferably in the concentration range 
of 0.01 - 0.2 M, more preferably in a concentration of 0.1 M. The resulting particles of the sorptive composite material 
may be dehydrated at temperatures in the range from 0 - 1 00"C. The dehydration may be effected at nornial pressure 

45 or under reduced pressure. Preferred is the dehydration at a temperature of 50" and at a pressure of 10 - 20 mbar 
Resolvatlsation of the dehydrated sorptive composite material may be effected with help of hydrophilic solvents. Ex- 
amples for hydrophilic solvents are water acelonilrile, and alcohols such as methanol, ethanol or isopropanol. The 
resolvation may be effected under cooling, heating, or at room temperature. The resolvation may be effected at normal 
pressure or under elevated pressure. Preferred is resolvation in water or aqueous buffers at a temperature of 121°C 

50 in an autoclave. 

[0053] According to the invention, an alternative procedure for the preparation of a sorptive composite material in 
the form of globular particles comprises the preparation of a mixture of acrylic monomers, cross-linking agent, magnetic 
compound, density-influencing agent, thickening agent, sorbent and water Addition of polymerization accelerator may 
be desired to promote the reaction but is not a requirement. Preferably the mixture is prepared by combining aqueous 
55 solutions of acrylic monomer, cross-linking agent, thickening agent followed by addition of the polymerization acceler- 
ator. Preferably such a mixture comprises 2 - 30 wt% acrylic monomer 0.01 - 2 wt% cross-linking bifunctional acrylic 
monomer, 0.5 - 1 0 wt% thickening agent, 0.1 - 40 wt% sorbent, and 0.05 - 0.5 wt% polymerization accelerator in water 
Further preferred is a mixture of 5 - 1 5 wt% acrylic monomer 0.05 - 1 wt% cross-linking bifunctional acrylic monomer 
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2-10 wt% thickening agent, 6 - 30 wt% sorbent, and 0.1 - 0.5 wt% polymerization accelerator in water 
[0054] Droplets of the mixture are dripped Into a hardening solution comprising a hydrophobic phase. Preferred 
hydrophobic phases are oils such as silicon oil or plant oils. Further preferred are silicon oils with densities in the range 
of 0.95 - 0.98 kg per liter and viscosities in the range of 300 - 1000 cps. Heat is applied to the hardening solution to 

5 promote the polymerization of the acrylic monomer. The temperature applied to the hardening solution is preferably in 
the range of 50*^0 to 95°C, more preferably in the range of 60°C to 90''C, The droplets are allowed to undergo free 
radical polymerization to form beads of cross-linked acrylic polymer and may be separated by sieving. 
[0055] In a preferred embodiment, sorptive composite material is provided In the form of a coating on a surface, 
preferably of glass or plastic vessels. Preferred are coatings having a thickness in the range of 0.1 to 50 mm. In order 

10 to prepare a coating of a sorptive composite material according to the invention, a mixture of acrylic monomer, cross- 
linking agent, sorbent and water is prepared. Addition of a thickener sometimes may be required to stabilize the sorbent 
particle suspension but is not a requirement. Addition of a chemical polymerization accelerator, or acceleration of the 
polymerization by physical measures such as radiation, preferably ultraviolet light or X-ray may be desired to promote 
the reaction but is not a requirement. Preferably such a mixture comprises 2 - 30 wt% acrylic monomer, 0.01 - 2 wt% 

IS cross-linking bifunctional acrylic monomer 0.5 - 1 0 wt% thickening agent, 0.1 - 40 wt% sorbent, 0.05 - 0.5 wt% polym- 
erization accelerator in water. Further preferred is a mixture of 5 - 15 wt% acrylic monomer, 0.05 - 1 wt% cross-linking 
bifunctional acrylic monomer, 2 - 10 wt% thickening agent, 5 - 30 wt% sorbent, 0.1 - 0.5 wt% polymerization in water. 
Polymerization Inducer is preferably added as aqueous solution and under vigorous stirring. The mixture is then applied 
to Ihe surface lo be coaled and allowed to undergo free radical polymerization. 

20 [0056] A sorptive composite material as described herein may find utility for specific removal of compounds from 
liquid, preferably aqueous, phases. A preferred embodiment concerns the recovery of metabolites or compounds pro- 
duced or modified by cells or of compounds whose production is catalyzed by enzymes or homogeneous or hetero- 
geneous chemical catalysts, preferably in situ. Recovery consists in the specific capture and separation of such me- 
tabolites or compounds from processing liquids, preferentially suspensions, emulsions or aqueous solutions, in par- 

25 ticular culture media and reaction liquors, such as used in chemistry, cell biology, biotechnology, microbiology, or phar- 
macy. 

[0057] The term cell as used herein is intended to encompass any virus, prokaryotic or eukaryotic cell, preferably 
microorganism, plant cells, or animal cells. Preferably, the cell is a bacterium, archaeum, alga, fungus, protozoan, plant 
cell, animal tumor cell, in particular mammalian or insect tumor cell, or hybridoma. The cell can also be a transiently 

30 transfected plant or animal cell, or a component of a mycelium, in particular a filamentous bacterium or filamentous 
fungus. Other possibilities include integral cellular components of a tissue, in particular of algal, fungal, plant or animal 
tissue, and cellular components of an intact symbiotic cohabit, in particular of a coral, sponge or lichen. 
[0058] The term enzyme is intended to refer to any biomacromolecule wherein said biomacromolecules preferably 
have catalytic activity. Preferentially, the enzyme is a protein with catalytic activity that is derived from eu- or prokaryotic 

35 cells, preferably from naturally occurring wild type cells, B cell hybridomas, or recombinant cells, in particular trans- 
formed bacteria or fungi, or transiently or stably transfected animal or plant cells. An enzyme's catalytic activity may 
have been generated, modified, or enhanced by means of genetic engineering or immunization {e.g. catalytic antibodies 
also referred to as abzymes). It is preferred that the enzyme has been purified to a certain extent or that it is non- 
purified in the form of a cell extract or of homogenized tissue. 

40 [0059] Processing liquids, preferentially suspensions, emulsions or aqueous solutions, In particular culture media 
such as commonly used in biotechnology frequently contain chelating agents, in particular phosphates. At a variance 
to polymers commonly used for entrapment such as alginate or carrageen an, which are prone to disintegration in the 
presence of chelating agents, the sorptive composite materials disclosed herein are characterized by chemical stability 
in said processing liquids. Furthermore, cultivation of cells requires a sterile environment, which in turn requires that 

45 both processing liquids and cultivation facilities are sterilized, preferably by physical methods such as heat treatment, 
preferably by autoclaving. The sorptive composite materials disclosed herein are characterized by thermal stability, 
preferably over a temperature range of O'C lo 121 'C. Furthermore, culllvallon of cells usually requires that they are 
Incubated In agitated media. To this end, cultivation media are regularly incubated in test tubes, shaking flasks, or 
bioreactors. In conditions that are typical for biotech no logical processes and experiments and at a variance to polymers 

so commonly described for entrapment such as alginate or carrageenan, which upon agitation are prone to attrition and 
disintegration, the sorptive composite materials disclosed herein are characterized by great mechanical stability. 
[0060] When applied in the form of free particles suspended in processing liquids, many of the sorbents used in the 
sorptive composite materials disclosed herein are toxic for living cells or inhibitory for enzymes. Moreover, heteroge- 
neous chemical catalysts and free sorbents may interfere with each other. These effects are mainly contact-dependent. 

ss One advantage of entrapped sorbents as described herein is that cells, enzymes or heterogeneous chemical catalysts 
essentially do not come into direct contact with the entrapped soriaents but primarily only with the sorbent-entrapping 
cross-linked acrylic polymer, which on its own does not display toxic or inhibitory effects. Another reason for toxic or 
inhibitory effects of free, non-entrapped sorbents on living cells in aqueous solutions is that compounds that are es- 
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sentlal for maintenance of certain properties of the cells, in particular catalytic activity, metabolic activity, survival or 
growth characteristics, are adsorbed and thus become unavailable for the cell. These compounds include media in- 
gredients as well as cell-made molecules, specifically nutrients, antibiotics, vitamins, amino acids, proteins, homnones 
or growth factors. SImilarty. enzyme stability or activity is often dependent on co-substrates or cofactors that might be 
5 withdrawn by free sorbents. Entrapment of sorbents into cross-linked acrylic polymers can establish a barrier allowing 
those compounds to predominantly remain freely available in the aqueous phase. Hence, entrapment of sorbents into 
cross-linked acrylic polymers can lead to prevention, delay or weakening of toxic or inhibitory effects of sorbent particles 
on cells or enzymes or delay or weakening of interferences between sorbent particles and heterogeneous chemical 
catalysts. 

10 [0061 ] Another major drawback using free sorbents suspended in processing liquids for in situ product recovery lies 
in the technical difficulties encountered in further processing steps. These include the difficulty to separate the free 
sorbents from other components present in the processing liquid, namely cells or enzymes. A prominent consequence 
of this complication is clogging of sorbents, which impedes subsequent washing and eiution steps thus leading to lower 
punty of eluates. Furthermore recycling of the adsorbent becomes impossible. Furthermore, a process designed for 

15 specific capture and recovery of more than one sorbate may include more than one sorbent. Free sorbents are hardly 
separable from each other and the different sorbates may therefore have to be eluted simultaneously, which defeats 
or eliminates the advantage of using sorbents with different specificity. The manageable size of the sorptlve composite 
materials disclosed herein (>0.2 mm) confers to the entrapped sorbents the characteristic of separability: implemented 
by different modes of separation as for instance sieving. Different sorplive composite materials can be synthesized 

^0 with different sizes (0.2 to 4.0 mm), allowing the separation of one from another by sieving. The auxiliary entrapment 
of magnetic compounds to the sorptive composite materials allows the separation by magnetic attraction, thus appli- 
cation of an additional separating principle. Similarly, entrapment of a compound with a certain density allows tailoring 
of the density, and therefore tailoring of its sedimentation rate or its upwelling properties, which in turn allows separation 
of the sorptive composite materials by appropriate methods such as sedimentation, flotation, or centrifugation. 

25 [0062] The recovery of compounds, in particular metabolites produced by cells, in particular In a bioprocess, usually 
requires close observation of the compounds profiles and kinetics in the medium. Due to the specific regulation of 
metabolic pathways, compounds and in particular metabolites may tend to appear and disappear within a certain 
timeframe. Furthermore, many compounds are unstable under the conditions of an experiment or process and tend to 
undergo post-synthetic modifications. Other compounds, in turn, are volatile and tend to evaporate or to be stripped 

30 out from reaction compartments. The sorptive composite materials disclosed herein can have a stabilizing property, 
allowing the accumulation of compounds that would othenwise be further metabolized, the stabilization of compounds 
that would otherwise undergo post-synthetic modifications, or the retention of compounds that would othenwise evap- 
orate or be stripped out from the reaction compartment. 

[0063] Many compounds fomned by cells are toxic or inhibitory for the cells that produced them and the blotechno- 
35 logical production of such compounds has to be carried out under conditions that ensure that a certain toxicity threshold 
is not exceeded. This can severely affect the profitability of the process. The sorptive composite materials disclosed 
herein can be used to in situ extract such toxic or inhibitory compounds. This allows improving the performance of such 
processes by increasing spatial yields. 

[0064] Alternatively, the sorptive composite materials can be applied to remove undesired side-products, whether 
40 they are toxic or not, or to sorb and separate impurities, in order to facilitate further production steps. In the broader 
sense, a sorptive composite material according to the invention can be used for extraction or sorption of substances 
that are present in liquid phases In nature, preferably in aqueous phases, such as seas, rivers, springs, lakes or ponds, 
or substances that are present In communal or industrial waste-water or process-water streams. 
[0065] Another characteristic of the sorptive composite materials disclosed herein is that the cross-linked acrylic 
polymer entrapping the sorbent can be tailored such that it contributes to the selectivity of the entrapped sorbent. This 
selectivity can be achieved through the pore size or through the physicochemical properties of the cross-linked acrylic 
polymer. The mode of cross-linkage by bifunctional cross-linking agents governs the porosity. Based on the porosity 
the time until compounds come into contact with the entrapped sorbent can be different for different compounds, pref- 
erably such that bigger molecules have a lower or infinite penetration rate through polyacrylic hydrogels than smaller 
50 molecules. Similarly, the physicochemical properties of the polyacrylic hydrogels, preferably their ionic character, po- 
larity or chemical f unctionalization pattern, can be tailored such that penetration rates of compounds through the hy- 
drogcl arc different, thereby achieving that the time until compounds come into contact with the entrapped sorbent are 
different for different compounds. 

[0066] A sorptive composite material according to the invention can also be used for the slow release, supply or feed 
55 of a sorbate or a mixture of sorbates to a solution, preferentially to an aqueous solution such as a culture medium. The 
sorbate can be a nutrient, in particular a carbon or nitrogen-source, or a non-vital compound to be modified by the 
cells. Slow release is required if said nutrient or compound is toxic for the cell at elevated concentrations. The sorptive 
composite materials are particulariy useful if such nutrients or compounds are well water-soluble and have a relatively 
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high vapor pressure, which means that they cannot be fed via the gas phase. Furthermore, in this context the sorptive 
composite materials are particularly useful for screening or lab-scale experiments, as here a simple experimental ap- 
proach is rather required than a sophisticated technology such as two-liquid phase systems or fed-regimes. 
[0067] A sorptive composite material according to the invention has the advantage that bound compounds can be 
5 eluted with aqueous or organic solvents or mixtures thereof or with gases. 

[0068] The invention will now be further illustrated by the foltowing, non-restrictive examples. 

Examples 

10 1 . Synthesis of polyacrylamide / aluminum oxide composites (diameter > 2 mm) 

[0069] Aqueous sodium alginate (1 2 ml; 4 wt7o; low viscosity, Sigma), 5 ml water, 8 ml 40 wt% aqueous acrylamide 
(purum, Fluka) and 4 ml 2 wt% aqueous N,N'-methylenebisacrylamide (purum, Fluka) were filled in a 100 ml beaker. 
Aluminum oxide (8 g; pH neutral; for TLC, Fluka) was added and the mixture was homogenized by stirring. Then 1 ml 
15 10 wt% aqueous N,N,N\N'-tetramethylethylenediamine (puriss,, absolute, Fluka) were added, and the suspension was 
filled into a syringe and dropped (syringe pump; rate of 1 0 ml per minute) through a 1 .2 mm cannula into a beaker filled 
with 80 ml of a stirred solution of 1 wt% ammonium peroxodisulfate (MicroSelect, Fluka) in 0.1 M aqueous calcium- 
chloride (purum, Fluka) at 50*'C. 

[0070] Beads of an average diameter of about 2.5 mm were formed upon submersion. After stirring for 30 min beads 
20 were recovered by sieving and washed with five aliquots of water (1 00 ml each). Then calcium alginate-polyacrylamide 
/ aluminum oxide composites were immersed in 0.1 M aqueous tri-sodium-citrate-5,5-hydrate (extra pure, Merck) and 
allowed to equilibrate (6 h, RT). Beads were recovered by sieving and then washed (5 x 1 00 ml water). Citrate treatment 
and washing steps were repeated twice to remove the remaining calcium alginate, then the beads were stored In water. 
The resulting beads arc shown in Figure 1 . 
25 [0071] 50.00 g of the polyacrylamide / aluminum oxide composites were dried on air to a constant weight of 14.98 
g. Rehydration in 500 ml of distilled water for 24 h gave 52.03 g polyacrylamide / aluminum oxide composites. 

2. Synthesis of polyacrylamide / aluminum oxide composites (diameter < 2 mm) 

30 [0072] A precursor-suspension according to procedure 1 was dripped into a hardening solution (droplet formation 
upon laminar-jet break-up technology, Nisco Engineering AG, Zurich). Production parameters were set on A: nozzle 
size: 0.5 mm, flow rate: 24 ml per minute, break-up frequency: 240 Hz for formation of 1 .0 mm diameter beads, and 
on B: nozzle size: 0.3 mm, flow rate 1 0 ml per minute, break-up frequency: 210 Hz for formation of 0.6 mm diameter 
beads. Beads were post-synthetically treated and stored as described in procedure 1 . 

35 

3. Synthesis of polyacrylamide / cetyl-montmorillonite composites 

[0073] Synthesis was performed according to procedure 1 , but with cetyl-montmorillonite (8 g, synthesized according 

to Huh, Song etaL 2000). 

40 

4. Synthesis of polyacrylamide / polystyrenic resin composites (subtype 1) 

[0074] Synthesis was performed according to procedure 1 or 2, but with Amberchrome® CG-161M (8 g, Supeico, 
particle size 75 microns). The resin was filtered, washed with water and dried at air before use. 

45 

5. Synthesis of polyacrylamide / polystyrenic resin composites (subtype 2) 

[0075] Synthesis was performed according to procedure 1 or 2, but with Amberlite® XAD-1 1 80 (8 g, Supeico). The 
resin was filtered, washed with water and dried at air, crushed and sieved through a 0.2 mm sieve before use. 

50 

6. Synthesis of magnetic polyacrylamide / polystyrenic resin composites 

[0076] Synthesis was performed according to procedure 4, but with Amberchrome® CG-1 61 M (6 g, Supeico, particle 
size 75 microns) and magnetite (6 g, Aldrich, particle size < 5 microns). 

55 

7. Synthesis of polyacrylacid / polystyrenic resin composites 

[0077] Polyacrylamide / polystyrenic resin composites (50 g. procedure 4) were covered by 200 ml 1 M aqueous 
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sodium hydroxide and stirred for 24 hours. The composites were recovered by sieving and then washed (5 x 100 ml 
water). 

8. Synthesis of poty(N-(hydroxymethyl)acrylamide)/polystyrentc resin composites 

5 

[0078] Synthesis was perfomned according to procedure 4, but with aqueous N-(hydroxymethyl)acryiamide (purum, 
Fluka). 

9. Synthesis of (polyacryiamide / aminopropyl silica composite)-coating of a shaking flask 

10 

[0079] 8 ml 40 wt% aqueous acrylamide (purum, Fluka) and 4 ml 2 wt% aqueous N,N'-methyleneblsacrylamide 
(purum, Fluka) and 18 ml of water were stirred in a 500 ml shaking flask. Aminopropyl silica gel (8 g; for TLC, Merck 
LiChroprep®) was added and the mixture was homogenized by stirring. Then 1 ml1 0 wt% aqueous N,N,N*,N'-tetram- 
ethylethyienediamine (puriss., absolute, Fluka) were added. Finally 1 ml aqueous solution of 1 wt% ammonium per- 
^5 oxodisulfate (MicroSelect, Fluka) was added under stirring and the shaking flask is transferred to a water bath at 60'' 
to allow the polymerization process to proceed. After 30 minutes reaction time the coating was washed (3 x 300 ml 
water) and stored in water (1 00 ml). 

10. Synthesis of calcium alginate / aluminum oxide composites reference material used in the sorption 
20 experiments 

[0080] Aqueous sodium alginate (1 00 ml; 2 wt%; low viscosity, Sigma) was homogenized with 21 g aluminum oxide 
(pH neutral; for TLC, Fluka). The suspension was filled into a syringe with a 1.2 mm cannula and dropped (syringe 
pump; 10 ml/min) into a beaker filled with 300 ml of a stirred hardening solution (0.1 M aqueous calcium chloride). 
25 Composite beads (average diameter 2.5 mm) were formed instantaneously upon submersion. After stirring for 30 min 
beads were removed by sieving, washed with five aliquots (each 100 ml) water, and stored in 0.1 M aqueous calcium 
chloride. 

11. Sorption of 2-phenylphenol and 3-phenylcatechol on polyacryiamide / cetyl-montmorillonlte composites 

30 

[0081] Polyacryiamide / cetyl-montmorillonite composites (10 g, procedure 3) were added to 100 ml of a stirred 
aqueous solution containing 100 mg/L 2-phenylphenol and 3-phenylcatechol. respectively. Samples were taken in 
regular intervals, acidified with 0.1 N hydrochloric acid and the amount of non-adsorbed 2-phenylphenol and 3-phe- 
nylcatechol was detemnlned by highpressure liquid chromatography (HPLC). 
35 [0082] Figure 2 shows the 2-phenytphenol and 3-phenylcatechol concentrations in the supernatant as a function of 
time . The rate at which the supernatant is cleared by the polyacryiamide / cetyl-montmorillonlte is comparable for both 
compounds. 

12. Selective sorption of 3-phenylcatechol on polyacryiamide/ aluminum oxide composites 

40 

[0083] Polyacryiamide / aluminum oxide composites (1 0 g; procedure 1 ) were added to 1 00 ml of a stirred aqueous 
solutionof 50mg/L2-phenylphenoland50mg/L3-phenylcatechol, respectively. Aliquots were taken in regular intervals, 
acidified with 0.1 N hydrochloric acid, and concentrations were detemiined by HPLC. 

[0084] Polyacryiamide / aluminum oxide composites adsorb 2-phenylphenol and 3-phenylcatechol differentially (Fig- 
45 ure 3). Approximately 88 % of alt 3-phenylcatechol added was adsorbed within 1 20 minutes. However, within the same 
time only 7 % of all 2-phenylphenol added was adsorbed. Thus, polyacryiamide / aluminum oxide composites highly 
selectively adsorb 3-phenylcalechol but not 2-phenylphenol. The result is consistent with the property of aluminum 
oxide to selectively bind catechols but not phenols (Held 2000). Entrapment of aluminum oxide in polyacryiamide did 
not effect this property. 

50 

13. Sorption of riboflavin and proteins on polyacryiamide) /XAD<g)-1180 composites 

[0085] Polyacryiamide / Amberlite® XAD-1180 composites (10 g, procedure 5) were added to 100 ml of a stirred 
aqueous solution containing 100 mg/L riboflavin (Sigma, Mr - 376.4 D) and hemoglobin (Fluka, from bovine blood, Mr 
55 = 64500 D), respectively. Samples were taken in regular intervals. Concentrations of non-adsorbed riboflavin and 
protein (Bradford) were measured spectrophotometrically. 

[0086] Figure 4 shows the riboflavin and hemoglobin concentrations in the supernatant as a function of time. Hemo- 
globin as well as riboflavin adsorbed well onto the free resin. Nevertheless, hemoglobin was not adsorbed by the 
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composites, while riboflavin was, which indicates that the hydrogel strongly discriminates between hemoglobin and 
riboflavin. 

1 4. Stability of polyacrylam ide / aluminum oxide composites vs. calcium alginate/ aluminum oxide composites 
5 towards phosphates and thermal treatment 

[0087] 10 g of polyacrylamide / aluminum oxide composites (procedure 1 ) or 10 g of calcium alginate / aluminum 
oxide composites (procedure 1 0) were each added to two 250 ml round shaking flasks containing 80 ml of either water 
or 50 mM phosphate buffer pH 7.0. One set of flasks was autoclaved whereas the other was left at room temperature. 

10 All flasks were then left overnight at room temperature. Polyacrylamide / aluminum oxide remained virtually unchanged, 
independently of thermal treatment and phosphate concentration. In contrast, calcium alginate / aluminum oxide beads 
incubated in 50 mM phosphate were partially disintegrated and considerable particle release was obsen/ed for both 
autoclaved and non-autoclaved calcium alginate / aluminum composites. Beads were reduced in size, blurred, swollen 
and partially solubilized. The viscosity of the liquor was increased, likely due to partial resolvation of highly viscous 

IS alginate precursors from the composite. 

15. Stability of polyacrylamide / aluminum oxide composites and calcium alginate / aluminum composites in 
media containing phosphates as a nutrient 

20 [0088] A typical phosphate-requirement for growth of microorganism on 1 wt% of a commonly used carbon-source 
such as glucose is approximately 4 mM. However, in batch cultures phosphate is often fed in excess (concentrations 
of up to 50 mM) because it Is also added as a buffer component. The stability of the composites towards phosphate 
In these concentration ranges was assessed in shaking flask experiments. Therefore, calcium alginate / aluminum 
oxide composites wore treated as described above but now in 4 mM phosphate. After storage over night, calcium 

25 alginate /aluminum oxide composites showed little attrition as indicated by turbidity of the liquor after shaking the flasks 
by hand. Calcium alginate / aluminum oxide composites were then incubated on a rotary shaker (30°C, 130 rpm, 
amplitude 20 mm). Composite decay was regularly judged by eye. Under these conditions calcium alginate / aluminum 
oxide composites decay rapidly, independently on thermal pretreatment by e.g. autoclaving. After 90 hours of shaking, 
virtually all beads were disintegrated. 

30 [0089] Polyacrylamide / aluminum oxide composites were added to demineralized water, to 4 mM phosphate and to 
50 mM phosphate, and analogously treated. As indicated by the turbidity of the liquor (by eye) after shaking of the 
flasks by hand, polyacrylamide / aluminum oxide composites were stable over 150 h. Only a negligible amount of 
particles were released and the composite-beads retained their globular structure. However, as a side effect polyacr- 
ylamide / aluminum oxide and composites increased in diameter - at least by a factor of 2 - when incubated in water 

35 

16. Blocompatibility of free aluminum oxide versus polyacrylamide / aluminum oxide composites: growth of 
Spingomonas sp. HXN-200 

[0090] Biocompatlbility of aluminum oxide and polyacrylamide / aluminum oxide composites was assessed in growth 
40 experiments. Therefore, 5 g of polyacrylamide / aluminum oxide composites, containing approximately 1 g of aluminum 
oxide, and 1 g of free aluminum oxide as a control, were autoclaved in 50 mM phosphate buffer pH 7.1. A carbon 
source (20 mM glucose) and salts were added as indicated (Held 2000) and flasks were inoculated 1:100 with an 
overnight culture of Spingomonas sp. HXN-200. As a reference, Spingomonas sp. HXN-200 was grown without sorbent 
material. As a control for glucose-adsorption, the composite was incubated in the medium without cells. Growth was 
45 Indirectly assessed by measuring the glucose-concentration as a function of time (Trinder assay, Sigma Diagnostics). 
Figure 5 shows glucose consumption as a function of time. Free aluminum oxide completely inhibited growth of Spin- 
gomonas sp. HXN-200 whereas cell growth was regular in the presence of the corresponding amount of aluminum 
oxide if entrapped In polyacrylamide / aluminum oxide composites. 

so 17. Biocompatibility of various polyacrylamide / sorbent composites with various microorganisms 

[0091] Four bacteria! strains were incubated in liquid culture and in tho presence of polyacrylamide / sorbent com- 
posites. The microorganisms include two Gram-negative strains, Spingomonas sp. HXN-200 (Chang, Witholt et al. 
2000) and recombinant Escherichia coUy\I3A 1 0(pGEc47) (Nieboer. Kingma et at. 1 993), as well as two Gram-positive 
55 strains , Rhodococcus rhodochrous DSM 1 1 097 and filamentous Streptomyces arenae DSM 40737 (Brunker, McKinney 
etal. 1999). The microorganisms were incubated in an appropriate growth media with and without various amounts of 
polyacrylamide / sorbent composites. Biocompatibility was assessed by either measuring optical density or glucose 
consumption or both. In addition, samples were regularly checked (light microscopy) for shape, size, and location of 
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the cells. The results are summari/ed in table 1 . 



Table 1 : 



Biocompatibility of polyacrylamide-entrapped sorbents with microorganisms. 


Sorbent / 


Escherichia coii 


Spingomonas sp. 


Hhodococcus 


StrBptomyces arenae 


Microorganism 


W3110 (pGEc47) 


HXN-200 


rhodochrous DSM 


DSM 40737 








1 1 Uc7 / 




Aluminum oxide 


biocompatible 


Biocompatible 


n.t. 


n.t. 


Amberchrom CG- 


not tested (n.t.) 


Biocompatible 


n.t. 


n.t. 


71 M® 










Amberlite XAD-4® 


n.t. 


Biocompatible 


biocompatible 


n.t. 


Amberllte XAD-7® 


n.t. 


Biocompatible 


biocompatible 


n.i. 


Dowex SOW® 


n.t. 


Biocompatible 


n.t. 


n.t. 


Dowex 


n.t. 


n.t. 


biocompatible 


biocompatible 


50WX8400® 










LiCliroprep® NH2 


n.t. 


n.t. 


biocompatible 


biocompatible 


LiChroprcp® RP-2 


n.t. 


n.t. 


biocompatible 


n.t. 


Molecular sieve 


n.t. 


Biocompatible 


biocompatible 


n.t. 


UOP 










type 13 










Montmorillonlte K1 0 


n.t. 


n.t. 


biocompatible 


n.t. 



10 



15 



20 



25 



18. In s/fi/ extraction of metabolites formed from berberine by biocatalyst TNXS-BBV5 



30 



35 



40 



[0092] Growth of TNXS-BBV5 on berberine in liquid media (shaking flasks) is characterized by a lag-phase of 9 days. 
As growth proceeds the media is readily discolored brownish (Figure 6A), probably due to formation of humic acid-like 
structures as a result of metabolite-accumulation and polymerization (unpublished results). 

[0093] However, in the presence of 1 2 g of polyacrylamide / aluminum oxide composites (80 ml minimal medium 
with 27 mg berberine) the lag-phase was significantly shortened to 1-2 days. Furthemiore, no brown-color formation 
was observed (Figure 6B). 

[0094] After depletion of berberine the composites were separated from culture broth and cells by filtration, washed 
with tap water, and eluted with 0.5 N hydrochloric acid. The eluate was analyzed by mass spectroscopy after chroma- 
tographic separation (HPLC-MS, Hewlett Packard Series 1100 HPLC-MS; stationary phase: Prontosil ODSH 
120-C18H, 125x4.6 mm, 5 \i\ particles; mobile phase: acetic acid pH 6 and methanol gradient from 25 % methanol/75 
% acetic acid to 1 00 % methanol in 6 min, flow rate 1 .0 ml/min). In the eluate two metabolites (table 2) but no berberine 
was detected. The suggested structures of the metabolites indicate that both metabolites are likely to have catechol- 
functionalltles. 



45 



50 



55 
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Table 2: Synthesis of metabolites from berbcrine by biocatalyst 
TNXS-BBV5 ill solid phase ([jolyacrylamide / aluminum oxide) supported 



extractive biotransformation. 



Starting^ matcriala 


Metabolite #!■> 


Metabolite #2« 


iir° 

? 


OH 

? 




Biocatalyst: TNXS-BBV5 






IIPLC retention time: 3.G9' 
Total amount: 42400 

i:au*s]'' 


HPLC retention time: 3.35* 
Total amount isolated: 5021 
[AU*sl'» 


HPLC retention time: 2.93* 
Total amount isolated: 1229 
[AU*8]*» 


MW: 336.1 m/z"= 


]MW: 324.1 m/zc 


MW: 330.1 mAz* 



"Bfirberine 

^'Suggested metabolite: 7,8, 13,1 3a-tetradehydro-9,10-dimethoxy-2,3-dihydroxy- 



berbmium 

^Suggested metjiboUte: 1.2,3,4-tetrahydro-6,7-dihydroxy-methylene-(2-carboxy-3,4- 
dihydroxy -benzene) -ieoquinolinium 
35 ^Arbitrary units; based on UV-Via absorption from diode-array detector (HPLC- 

DA.D) and integration of the corresponding peaks. 

"Based on mass-spectroscop3»^ (HPLC-MS). 

40 

[0095] The results Indicate that humification could be avoided upon instantaneous adsorption of metabolites by the 
composite material thus providing an elegant method for recovery and stabilization of these compounds. Furthemiore, 
growth-inhibitory effects likely to be caused by metabolites or by their polymerization products were minimized. 
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Claims 

35 1 . Sorptive composite material comprising a sorbent entrapped in a cross-linked acrylic polymer 

2. Sorptive composite material according to claim 1 , wherein the sorbent Is an inorganic solid chosen from the group 
elementary metals, nonmetals and their compounds. 

40 3. Sorptive composite material according to claim 1 , wherein the sorbent is an organic solid chosen from the group 
of natural and synthetic polymers. 

4. Sorptive composite material according to any of the preceding claims, further comprising a sorbate sorbed to the 
sorbent. 

45 

5. Sorptive composite material according to any of the preceding claims, wherein the acrylic polymer is in the form 
of a hydrogel. 

6. Sorptive composite material according to any of the preceding claims, comprising of from 0.1-80 wt% of sorbent, 
50 based on the weight of the sorptive composite material. 

7. Sorptive composite material according to any of the preceding claims, further comprising an additive chosen from 
the group of ionotropic gelling agents, thickening agents, magnetic compounds and density-influencing agents, 
and combinations thereof. 

55 

8. Sorptive composite material according to claim 7, wherein the magnetic compound is chosen from the group of 
metals, metal alloys, metal oxides, and combinations thereof. 



14 



BNSDOCID: <EP 



.1306128A1J > 



EP 1 306 128 A1 

9. Sorptive composite material according to claim 7, wherein the density-influencing agent is chosen from the group 
of elementary metals, nonmetals and their compounds. 

10. Sorptive composite material according to claim 7, wherein the thickening agent is chosen from the group of poly 
5 (ethylenglycols), poly(vinylalcohols), and combinations thereof. 

1 1 . Sorptive composite material according to claim 7, wherein the ionotropic gelling agent is an ionic polymer, preferably 
an ionic polysaccharide. 

10 12. Sorptive composite material according to any of the preceding claims, having a particulate form with a diameter 
of from 0.2 to 4.0 mm. 

13. Sorptive composite material according to any of the claims in the form of a coating having a thickness in the range 
of from 0,1 to 50 mm. 



IS 



20 



45 



so 



55 



14. Process for preparing a sorptive composite material according to any of the preceding claims, wherein an acrylic 
monomer is polymerized in the presence of the sorbent and across-linking agent. 

15. Process according to claim 14, comprising the sleps of 



preparing a mixture of acrylic monomer, cross-linking agent, sorbent, an ionotropic gelling agent, a polymer- 
ization accelerator and water; 

dripping droplets of the mixture into a hardening solution comprising water and a gelling inducing agent upon 
which beads arc formed; 
25 - allowing the acrylic monomer to polymerize to form the acrylic polymer; and 

separating the beads from the hardening solution by sieving. 

16. Process according to claim 1 4 or 1 6, wherein the acrylic monomer is chosen from the group of water-soluble acrylic 
acids, acrylates and acrylamides 

30 

17. Process according to any of the claims 14-16, wherein cross-linking agent is a bifunctional acrylic monomer 

1 8. Process according to any of the claims 15-17, wherein the ionotropic gelling agent is a water-soluble ionic polymer. 

35 1 9. Process according to any of the claims 1 5-1 8, wherein the mixture comprises 2-30 wt% acrylic monomer, 0,01 - 
2 w1% cross-linking agent, 0.5 - 5 wt% ionotropic gelling agent, 0.1-40 wt% sorbent, 0,05 - 0.5 wt% polymerization 
accelerator, and the balance being water 

20. Process according to claim 19, wherein the mixture comprises 5-15 wt% acrylic monomer, 0.05 - 1 wt% cross- 
^0 linking bifunctional agent, 1- 3 wt% ionotropic gelling agent, 5 - 30 wt% sorbent, 0.1 - 0.5 wt% polymerization 

accelerator, and the balance being water 

21. Process according to any of the claims 15-20, wherein the hardening solution comprising water, a gelling inducing 
agent and an initiator 



22. Process according to claim 21 , wherein the gelling inducing agent Is a mono- or polyvalent ion or Ionic polymer 

23. Process according to any of the claims 1 5-22 further comprising the step of removing gel formed by the ionotropic 
gelling agent by contacting the sorptive composite material with a chelating agent. 

24. Process according to claim 23, wherein the chelating agent is a water-soluble salt of phosphate, citrate or ethylene 
diamine tetraacetate. 

25. Process according to claim 14, comprising the steps of: 

preparing a mixture of acrylic monomer cross-linking agent, sorbent, and a thickener In water; 

dripping droplets of the mixture into a hydrophobic phase; 

allowing the acrylic monomer to polymerize to form the acrylic polymer; 
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allowing the acrylic polymer to cross-link upon which beads are fomned; and 
separating the beads from the hydrophobic phase. 

26. Process according to claim 25, wherein the thickening agent is a poly(ethyleneglycol) or a poly(vinylalcohol), 

5 

27. Process according to claim 25 or 26, wherein the hydrophobic phase is an oil. 

28. Process according to any of the claims 25-27, wherein the mixture comprises 2 - 30 wt% acrylic monomer, 0.01 - 
2 wt% cross-linking agent, 0.5-10 wt% thickening agent. 0.1 - 40 wt% sorbent, 0.05 - 0.5 wt% polymerization 

10 accelerator, and the balance being water. 

29. Process according to claim 28, wherein the mixture comprises 5-15 wt% acrylic monomer, 0.05 - 1 wt% cross- 
linking agent, 2-10 wt% thickening agent, 5 - 30 wt% sorbent 0.1 - 0.5 wt% polymerization accelerator, and the 
balance being water. 

15 

30. Process according to claim 14, wherein a mixture of the acrylic monomer, the cross-linking agent and the sorbent 
is formed, which mixture is applied to the surface of a substrate and the acrylic monomer is allowed to polymerize 
to form a acrylic polymer which is allowed to cross-link to fomn a coating of the sorptive composite material. 

20 31. Process according to claim 30, wherein the mixture comprises 2 - 30 wt% acrylic monomer, 0.01 - 2 wt% cross- 
linking agent. 0.5 - 1 0 wt% thickening agent, 0.1-40 wt7o sorbent, 0.05 - 0.5 wt% polymerization acceleraton and 
the balance being water. 

32. Process according to claim 31 , wherein the mixture comprises 5-15 wt% acrylic monomer, 0.05 - 1 wt% cross- 
es linking agent, 2 - 10 wt% thickening agent, 5 - 30 wt?/o sorbent, 0.1 - 0.5 wt% polymerization accelerator, and the 

balance being water. 

33. Process for sorbing a sorbate by bringing a sorptive composite material according to any of the claims 1-13 into 
contact with the sorbate. 

30 

34. Process according to claim 33. wherein the sorbate is a compound produced by a cell. 

35. Process according to claim 34, wherein said compound is produced by culturing the cell in the presence of the 
sorptive composite material. 

35 

36. Process according to claim 34 or 35, wherein the cell is a virus, a prokaryotic or an eukaryotic cell. 

37. Process according to claim 33, wherein the sorbate is a compound, which is synthesized using an enzyme, a 
heterogeneous or homogeneous catalyst. 

40 

38. Process according to claim 37, wherein synthesis of the compound is carried out in the presence of the sorptive 
composite material. 

39. Process according to claim 33, wherein the sort^ate is selectively sortaed from a mixture comprising other potential 
45 sorbates and wherein the sorptive composite material has a pore size which allows selective sorption of the desired 

sorbate. 

40. Process according to any of the claims 33-39, further comprising the step of separating the sorbate sorbed to the 
sorptive composite material from other components in a cell culture or reaction mixture. 

50 

41 . Process according to any of the claims 33-40, further comprising the step of separating the soriDate sortDed to the 
sorptive composite material from another sorbate sortaed to a sorptive composite material or from several sortDatcs 
sorbed to one or several sorptive composite materials. 

55 42. Process according to claim 40 or 41 , wherein the separation step is carried out by sieving, flotation, sedimentation, 
centrifugation, or magnetic interaction. 

43. Process according to any of the claims 33-42, wherein further comprising the step of releasing the sori^ate from 



16 

BNSDOCID: <EP 1306128A1 I > 



EP 1 306 128 A1 

the sorptlve composite material. 

44. Process according to claim 43, wherein the sorbate is a compound that is unstable or only temporarily formed 
under incubation, reaction, or cultivation conditions. 

5 

45. Process according to claim 44, wherein the sorbate is fed to the cell by culturing the cell In the presence of the 
sorbate sorbed to the sorptlve composite material. 

46. Process according to claims 44 or 45= wherein the cell is a virus or a prokaryotic or eukaryotic cell. 

10 

47. Process according to claim 34. wherein the sorptlve composite material is incorporated in a chromatography col- 
umn. 
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FIG. 1 : Polyacrylamide / aluminum oxide composites. 
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FIG. 2: Sorption of aqueous 2-phenylphenol and 3-phenylcatechol in concentrations 
of 100 mg/L on 100 g/L polyacrylamide / cetyl-montmorrilonite. Blank hydrogel-beads 
without an encapulsated sorbent were added as a control. 
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FIG. 3: Sorption of aqueous 2-phenylphenol and 3-phenylcatechol in a concentration 
of 50 mg/L on 100 g/L beads of polyacrylamide / aluminum oxide composites. 
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FIG. 4: Sorption of aqueous riboflavin and hemoglobin in a concentration of 100 mg/L 
on 100 g/L beads of polyacrylamide / XAD-1 180® composites. 
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FIG 5; Growth of Spingomonas sp. HXN200 in the presence of free aluminum oxide 
versus polyacrylamide / aluminum oxide composites. 



1306128A1 I > 



22 

aBSl AVAiU^LE COPY 



4 



EP 1 306 128 A1 




FIG. 6: Growth of strain TNXS-BBV5 on berberine in the absence (panel A) and 
presence (panel B) of poly acrylamide / aluminum oxide composites. 
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